The haemolymph parameters for Octopus vulgaris and the condition index at molecular level were analysed using RNA/DNA and RNA/protein ratios on animals reared in floating cage systems and naturally infected by the coccidian Aggregata octopiana. Statistical analysis showed that as A. octopiana infection increased, there was a decrease in most inorganic elements and/or in haemocyte concentrations in cellular and/or plasma fractions. Also, the protein concentrations in the haemolymph plasma fraction dropped significantly as the coccidian infection increased. Results suggest that the severity of the infection by A. octopiana is a limiting factor during commercial ongrowing of the common octopus, at least in floating cage systems. Control measurements are needed in aquaculture to avoid this environmental stressor.
Introduction
The common octopus Octopus vulgaris (Cephalopoda: Octopodidae) is an important species in world fisheries (Globefish, 2007) . It represents a major protein resource in most fish-eating countries, and is of commercial and social importance in Galicia, northwest Spain (Otero et al., 2005) . Interest in its commercial culture has risen in recent years (Iglesias et al., 2007) , and mortality during its ongrowing in tanks and in floating cages in Galician and Portuguese waters (Sendao, 1997; Chapela et al., 2006; Iglesias et al., 2007) has encouraged studies to be made on the effects of pathogens.
The eimeriorin coccidian Aggregata (Protozoa: Apicomplexa) has been recorded widely as the dominant epizootiological agent in wild and cultured octopus stocks from European waters (Pascual et al., 1996; Gestal, 2000) . Coccidians within the genus Aggregata are intracellular parasites with a two-host life history, and they are transmitted through the foodweb. Sexual stages are found in the digestive tract of cephalopods, the definitive host. Asexual stages infect the digestive tract of crustaceans, the intermediate hosts (Hochberg, 1990) . Gestal et al. (2002a) described the histopathological effects of A. octopiana in the digestive tract of O. vulgaris. The lesions associated with infected A. octopiana included host cell hypertrophy with nuclear displacement, inflammation, phagocytosis, ulceration, and partial destruction of the organ architecture. Additionally, a spectrophotometric analysis of the enzymes involved in the absorption process revealed a significant decrease with increasing A. octopiana infection. As a consequence, gastrointestinal function is detrimentally impacted, and this is induced by a decrease or malfunction of absorption enzymes (Gestal et al., 2002b) . Moreover, although enteritic coccidiosis is not believed to be a primary cause of death, it is likely that the malabsorption syndrome impairs octopus development and growth (Gestal et al., 2002b) .
Haemolymph and more specifically the haemocytes are crucial in physiological functions such as nutrition, oxygen transport, and detoxification. Further, mollusc haemocytes play a major role in cellular defence against pathogens (Cheng, 1981) . Although determination of the role of the haemolymph and haemocytes in physiological functions and the immune system of bivalve molluscs has been the objective of many studies, few data have been published yet on cephalopods Malham et al., 1998 Malham et al., , 2002 Novoa et al., 2002) .
Our aim was to investigate the impact of A. octopiana infection on the haemolymph and some growth indicators of commercially reared O. vulgaris, specifically investigating the carrier's well-being.
Material and methods

Sampling
In all, 28 live O. vulgaris (14 males and 14 females) with an average body weight (BW) of 1137.7 + 442.1 g (Table 1) were collected randomly off an ongrowing floating cage system in the Ría de Aldán, Galicia, Spain (NE Atlantic: 42815 0 N 8848 0 W). The floating culture system consisted of 12 cylindrical cages of 10 m 3 each (1.6 Â 5 m on top), with 250 PVC dens holding 200 animals per cage simultaneously. The culture conditions allowed easy sampling, made it possible to standardize the feeding parameters, and provided a sample of animals grown in similar environmental conditions (12-178C, 35.5 psu). After collection, and to minimize physiological stress, all animals were maintained at the laboratory in culture tanks for 24 h before experimentation. The animals were first anaesthetized in a 70% ethanol:seawater (1:5) mix for 1.5 -2.5 min (AG, unpublished) . To avoid damage to the animals, the flesh was not cut open at all. The branchial blood vessels were exposed by turning the mantle gently. Haemolymph (1 ml) was withdrawn from the branchial blood vessel of each animal with a disposable syringe and diluted in marine anticoagulant (MAS, modified Alsever solution, 1:2; Bachère et al., 1998) . All animals recovered normal respiratory rhythm (25 inspirations per minute) after 5 min post-anaesthesia.
Haemolymph analysis
The number of haemocytes was determined in a Neubauer count chamber. The haemolymph suspension was centrifuged (750g for 10 min at 48C) and the cells resuspended in 5 ml of distilled water for further RNA extraction and element analysis. Plasma and resuspended cells were then frozen at 2808C separately until further processing.
Analysis of haemolymph elements was carried out on defrosted samples as follows: 1 ml each of plasma and burst cells was submitted to complete microwave digestion with HNO 3 (Suprapur, Merk) inside a Telflon-lined bomb. The concentrations (mg ml -1 ) of some haemolymph elements (Fe, Cu, Na, K, Ca, Mg) were determined using a flame atomic absorption spectrometer (Varian Spectra 250 Plus), and a graphite furnace atomic absorption spectrometer (Varian Spectra AA-800 Plus) with aqueous calibration standards (Merck, Chemicals). To determine the concentrations of elements in the plasma, the concentration of each in the used anticoagulant (MAS) was measured and used as a control. Element concentration was expressed as the total element concentration minus the MAS concentration.
The protein concentrations of plasma and the cellular fraction were determined according to the method of Bradford (1976) , and the protein content of the crude tissue extracts by the Lowry modified method (Smith et al., 1985) . The sample was diluted 1:7, digested by NaOH 1M at 308C for 14 h, and 2 ml of bicinchoninic acid and 4% Cu SO 4 in proportion 50:1 added to 100 ml of the diluted sample. That mixture was maintained at 608C for 30 min, then the absorbance was measured at 560 nm. Protein concentration was calculated using bovine serum albumin as standard, and values were expressed as mg protein per mg tissue. Schmidt and Thannhauser (1945) , as modified by Munro and Fleck (1966) . Basically, the method archives nucleic acids, proteins, and other macromolecule precipitate by requiring 1 ml of 0.6 M perchloric acid to be added to 2 ml of homogenate tissue. After centrifugation in a Beckman J2-21M refrigerated centrifuge to 8300g at 48C for 10 min, the precipitate is resuspended in 3 ml of 0.2 M perchloric acid with the aid of an ultrasound bath. This process is repeated three times. The final precipitate obtained is resuspended in 2 ml MilliQ water, then 0.3 ml of 3 M NaOH is added to produce alkaline digestion, which is archived after incubation at 378C for 1 h, followed by acidification of the sample using 0.666 ml 20% perchloric acid (Fleck and Munro, 1962) . After centrifugation as above, the soluble RNA is liberated in the supernatant, and the DNA and proteins stay in the precipitate. RNA concentration is estimated by ultraviolet absorption at 232 and 260 nm, and the precipitate resuspended in 2 ml of 0.2 M perchloric acid and recentrifuged. Soluble DNA and the precipitated proteins can be extracted from the resulting pellet by resuspension in 3 ml 0.6 M perchloric acid incubated for 30 min at 708C. DNA concentration is then estimated after centrifugation at 8300g at 48C for 10 min, and measured by ultraviolet absorption at 232 and 260 nm. DNA and RNA concentrations were obtained from the equations:
Cðmg ml À1 Þ ¼ 10:53½absl260 Â 3:17Þ À ðabsl230 Â 0:75Þ;
where Vf is the supernatant volume following the protocol (3.666 ml for RNA and 3 ml for DNA), and Vi is the total initial volume divided by the volume used for RNA and DNA measurement (2 ml). Finally, the concentrations of proteins were estimated as described above in the haemolymph analyses.
Parasite counts
The caecum was dissected after removing the digestive tract, weighed, and vigorously washed in homogenization phosphate buffer 10 mM, pH 7.0. To obtain the levels of infection, tissue extracts were prepared by homogenization in an electric tissue grinder (IKA-UltraTurrax T-25), following the standard procedure described by Gestal et al. (1999) . The number of Aggregata sporocysts infecting the caecum was enumerated in a Neubauer count chamber. The number of sporocysts was expressed as the total number of sporocysts in the whole caecum (TS), but the number of sporocysts per gramme of caecum tissue (S g -1 ) was also deduced.
Statistical analyses
Data on haemolymph element concentration, proteins, and nucleic acids were compared with infection values measured at an infrapopulation level (i.e. the total sporocyst counts, TS; Bush et al., 1997). Linear regression models were fitted to log-transformed [log 10 (n+1)] data. Analysis of variance (oneway ANOVA) was used to test the significance of the regressions (Zar, 1999) . The limit of statistical significance was set at p , 0.05. Data analysis was performed using the SPSSWIN 10.0 statistical software. Table 1 lists the results of the biochemical analysis (for RNA, DNA, and proteins) and the values of the ratios RNA/DNA and RNA/ protein. It also lists the haemolymph parameters, including the total number of haemocytes and the number of haemocytes per millilitre. Table 2 shows the concentrations (ppm) of elements and proteins analysed from the plasma and cellular fractions.
Results
General parameters
Haemolymph vs. infection
Parameters of the regression analysis between TS and the concentration of each element are summarized in Table 3 . The regression patterns obtained show that an increase in infection level causes a significant decline in K, Cu, Fe, and protein concentrations in the plasma fraction, and also a significant drop in Ca, Mg, Fe, and haemocyte concentrations in the cellular fraction. Moreover, the protein concentrations in the haemolymph plasma fraction diminished as TS increased (Table 3) .
Biochemistry of the muscle vs. infection
Results of comparing the biochemical parameters and the severity of Aggregata infection related to TS were statistically significant (Table 3 ). The statistical regression patterns indicated that an increasing TS caused decreases in individual RNA and protein concentrations. Further, an increasing TS in the caecum of heavily infected animals gave rise to a decrease in the condition indices RNA/DNA and RNA/protein. Regressions indicate that 39.98% and 30.72% of the variability found in RNA and protein contents, respectively, as well as the 3.73% and 37.78% of RNA/ DNA and RNA/protein ratios, can be attributed to the severity of infection (Table 3) .
Discussion
Changes in the haemolymph or haemocyte composition of marine invertebrates can be used as indicators of physiological condition (Feng, 1965) , especially of pathological damage (Ford et al., 1986) . A constant equilibrium state between plasma protein (amino acids present in the haemolymph) and tissue protein should exist in normal physiological behaviour of healthy animals (Barnes, 1984) . The decreases in haemocytes and plasma protein concentration found here do not preclude the possibility that some of the variability in the number of circulating haemocytes was due to stress during handling, as previously indicated by Malham et al. (2002) for the octopus Eledone cirrhosa exposed to air for 5 min. However, the decrease together with an increasing infection of Aggregata may also indicate an imbalance caused by infection. This may be due to tissue damage and a reduction in enzyme activity and hence amino acid absorption in the caecum. This malabsorption syndrome, described for cephalopods by Gestal et al. (2002b) , was also reported with fish coccidiosis (Steinhagen et al., 1997) . The absorption failure causes decreasing plasma protein concentration as a consequence of the deficiency in amino acid absorption and general protein synthesis. Castro et al. (1993) indicated that restricting the diet of cultured cuttlefish Aggregata octopiana: a pathogen during commercial Octopus vulgaris ongrowing Sepia officinalis produced a decrease in the amount of copper (Cu) joined to the respiratory pigment haemocyanine in the haemolymph. Similarly, the decrease in Cu concentration observed in the haemolymph in this study and related to the degree of Aggregata infection (Table 3) likely originates in the absorption deficiency and the general decrease in plasma protein.
Inadequate oxygenation may induce tissue hypoxia, necrosis, and atrophy of the infected area, by decreasing the oxygencarrying capacity of the blood. Such changes could impact negatively on development and growth, and therefore lower the condition of the animal.
Declines in blood cell and plasma protein concentration as a consequence of Eimeria infection have also been demonstrated for vertebrates (Long, 1973) . The Aggregata infection demonstrated here for octopuses is similar, perhaps a consequence of the general decrease in protein synthesis attributable to lessening of amino acid absorption, or to a displacement of blood cells to the tissue infected by Aggregata. Cephalopods acquire most of their salt requirement from seawater .
Growth measurements usually expressed as RNA and muscular protein concentration or as ratios of nucleic acids have been shown to be reliable and useful as indicators of condition. Such biochemical indices are well established for studies of fish growth and are also reliable indicators for growth studies on cephalopods (Clarke et al., 1989; Houlihan et al., 1990; Castro and Lee, 1994; Domingues et al., 2006) . Steinhart and Eckmann (1992) showed the severity of parasitic infection to be related directly to protein concentration and the RNA/DNA ratio in muscular tissue of larval whitefish Coregonus spp., similar to the negative impact on the growth rate of infected octopus expressed in terms of decreasing RNA/DNA and RNA/protein ratios noted here. Although the r 2 values for the fit of linear regressions did not account for 100% of the intraspecific variance in condition measurements, the impact of the Aggregata infection could explain as much (up to 40%) as all other environmental factors combined. Further, mechanical tissue damage (Gestal et al., 2002a) together with a malabsorption syndrome produced by the parasite's sporogonial development (Gestal et al., 2002b ) may lead to impairment of the balance between the rates of protein synthesis and protein degradation. Therefore, and because the intake of food was similar in all octopuses sampled, it is thought that the infection decreases muscle protein concentration. The increasing sporocyst number explained up to 40% of the variance in the RNA and RNA/protein ratios, whereas the infection values accounted for just 30% of the variance in the muscular protein concentration of infected octopuses. With the general rationale that the quantity of food eaten affects ribosome concentration in somatic tissues and hence protein synthesis and growth (Houlihan et al., 1990) , it follows that the Aggregata infection may influence the synthesis of RNA in muscle tissue cells, probably through the rRNA, as suggested by Kikuchi et al. (1986) and Reeds (1987) for mammalian systems. This interpretation mirrors that of reduced K-Fulton condition values in heavily infected octopuses (Gestal et al., 2002b) .
In conclusion, this study has shown that the elements and protein balance of an octopus' haemolymph, as well as its muscle protein synthesis and general growth, are influenced by the level of infection of the Aggregata octopiana. Taking into account the total results from a series of condition analyses carried out us on O. vulgaris populations at individual, tissue, cellular, and here molecular level, A. octopiana should be considered to be a dangerous pathogen. Control measurements are clearly needed in aquaculture to avoid this coccidian infection, because it is definitely an octopus health-limiting factor during commercial ongrowing in floating cage systems. Table 3 . Linear regression analyses of log-transformed data (log 10 n+1) for the relationship between Octopus vulgaris haemolymph and muscular biochemical parameters plotted against the total number of sporocysts in the caecum (TS). 
